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ABSTRACT 
 The application of Y-chromosome analysis is expanding in fields such as forensic 
science and genealogy. By researching the potential polymorphisms this chromosome can 
present, we can further our ability to assess DNA profiles for these disciplines to avoid 
erroneous exclusions of paternal linkage, wrongful convictions based on forensic 
evidence, and other misinformed genetic conclusions. The conservation of  Y-haplotypes 
during transmission occurs due to a relative lack of genetic recombination events in the 
inheritance of the Y-chromosome [1]. However, random mutation events can occur in a 
paternal line resulting in haplotype changes. These changes can include allele 
duplications and deletions that occur at the STR and SNP loci used in forensic DNA 
analysis. This can become important in cases of sexual assault where male-female 
mixture samples have low amounts of male DNA such that the male signal is not 
amplified in currently used STR multiplexes [7]. 
In this study, we analyzed a father and his eleven sons using two different 
methodologies for genetic analysis; next generation sequencing and capillary 
electrophoresis. The samples were obtained from the Coriell Institute for Medical Research 
located in Hamden, NJ, in the form of frozen DNA extracts isolated from a blood-sourced 
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lymphocyte cell culture [22]. DNA from these samples was tested with the ForenSeqTM 
DNA Signature Prep Kit [14] (Verogen, San Diego, CA) primer set A and the YFilerTM 
Plus PCR Amplification Kit [24] (Thermo Fisher Scientific, Waltham, MA). Using these 
two platforms, three Y-STR loci were identified as discordant between the father and all 
of his eleven sons. In all three instances, the father possessed the same allele as the sons as 
well as one additional allele. At two of these loci (DYS449 and DYS635), the additional 
allele was one repeat (4bp) longer than that of the shared allele. At the other locus 
(DYS458), the additional allele was three repeats (12bp) longer than that of the shared 
allele. Following read count and peak height analysis, it was concluded that these double 
allele loci are not the product of stutter and are potentially the product of a non-inheritable 
mutation. With the knowledge that the DNA was extracted from a blood lymphocyte cell 
culture, it is believed that a somatic mutation may be present in the cell line.  We are not 
able to determine whether the mutations exist in the blood of the father (true somatic 
mutations) or occurred as a result of the cell culture process.  
 Throughout the study, details concerning the position of these loci on the Y-
chromosome, the repeat motifs of the alleles, and the potential for duplication and/or 
stutter as the originating event are discussed in an effort to further understand this 
phenomenon. Potential locus duplications were compared to those reported on the 
National Institute of Standards and Technology STRBase [21] list of allele variations and 
also to information found in literature. The observed DYS635 locus had an allele 
designation of 21,22 which is reported on STRBase. The DYS449 and DYS458 loci 
showed potential allele-specific locus duplications that were not found on STRBase. The 
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implications of potentially undocumented non-inheritable allele patterns in the Y-
chromosome, such as this, are significant when considering comparisons between DNA 
obtained from germline cells (sperm) versus a known casework sample which is usually 
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1. INTRODUCTION 
1.1 DNA and the Y-Chromosome 
 Deoxyribonucleic acid (DNA) is a prevalent storage molecule for genetic 
information that has been studied for decades as a means of understanding biological 
function, development, evolution, and more. It is this research that has unveiled certain 
phenomena that not only allows DNA to persist in living beings, but allows it to act as a 
heredity material being passed from generation to generation. One of nuclear DNA’s 
most essential attributes is its intricate system for the packaging and organization of DNA 
molecules into structures defined as chromosomes. These threadlike structures are 
formed when long DNA strands are complexed with structural and regulatory proteins 
allowing them to condense and protect the genetic information during cellular processes. 
In particular, the processes within cellular division heavily rely on chromosome 
functionality as a cell duplicates its genetic content before splitting into daughter cells. 
[1] 
 A healthy human carries 23 pairs of chromosomes where every pair consists of a 
single chromosome from each parent. Of these 23 pairs, only 1 is defined as a pair of sex 
determining chromosomes whilst the other 22 are defined as autosomes. These autosomes 
are simply identified via a traditional numerical system (i.e. chromosome 1, chromosome 
2, etc.) in order of their size. Sex chromosomes, however, are identified as a “Y” or an 
“X” where females carry a pair of X chromosomes and males carry a Y and an X 
chromosome. [1] With the Y chromosome being male-specific, it is often referred to as a 
haplotype, or a collection of genetic information conserved and inherited from a single 
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parent. [2] Haplotypes behave as chromosomal units that can be tracked through a 
pedigree or population for as long as there is no recombination or mutation event.  Due to 
the differences in structure and sequence composition between the X and Y 
chromosomes, cellular division in men can be problematic due to the potential for 
recombination, or exchange of genetic material between these sex-specific chromosomes. 
This could entail alterations for Y-haplotypes that effect familial studies, medical 
research, paternal linkage, and other applications of Y-chromosome analysis. [2] 
 Multicellular organisms, however, separate the functions of reproduction and 
growth between two different cell types; germline and somatic. Germline cells reside in 
the tissues responsible for gamete production, and are therefore directly involved with the 
reproductive process. Mutations arising from these cell lines can be passed on to progeny 
through the sperm or egg. In contrast, somatic cells originate in tissues not directly 
responsible for reproduction, but can still behave as the progenitor of a mutant population 
within the host. This cellular segregation often explains the inheritability of certain 
mutations across a pedigree whereas germline mutations are entirely inherited in 
offspring and somatic mutations are not. Mutations can form from a variety of 
chromosomal mechanisms including those involved with cellular division and genetic 
recombination. [1]  
 Certain regions of the X and Y chromosomes are more prone to recombination 
events than others. In particular, there are short regions positioned at the telomeric ends 
of the chromosomes that behave in an autosomal manner by readily recombining with 
one another during meiosis. These pseudoautosomal regions contain less than 3Mb of the 
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total 3100Mb (3.1Gb) within the human genome, and code for a variety of proteins 
including those involved with melatonin production, cellular viability, DNA replication, 
and more [3]. The rest of the Y chromosome, termed the male-specific region, is sex 
specific and does not recombine with the X chromosome during meiosis. Comprised of a 
~24Mb euchromatin region and a 30Mb heterochromatin region, this remainder of the Y 
chromosome is conserved as the haplotype across a paternal line [3].  Heterochromatin 
sections are highly condensed, and as a result, contain genes that are not typically 
expressed in the organism. In contrast, euchromatin is a less uniform section of DNA 
withholding genes that, depending on the cell type and functional requirements, may be 
expressed. This is a result of the DNA strands existing in a more extended state leaving 
them more readily available for transcription [1]. 
  Within the human genome, however, there exists hypervariable regions 
containing short tandem repeats, or STRs. First published by Al Edwards et al (1991) [5], 
these tandem-repeat regions present the nucleotides in a motif that is repeated a specific 
number of times at any particular locus. It is in this publication that 18 novel trimeric and 
tetrameric STR loci were analyzed for their potential to behave as polymorphic genetic 
markers using a polymerase chain reaction (PCR) multiplex. Their theory of PCR-based 
STR analysis laid the groundwork for multiplexing the oligos that target regions flanking 
the STR loci. They went on to conclude that half of these trimeric/tetrameric STR loci 
were highly polymorphic and thus could be ideal for individual-based DNA profiling. 
Following this work, Roewer and Epplen (1992) [6] published the first documented Y-
specific STR locus and its application to exclude a jailed subject from a murder case. The 
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27H39LR locus, now universally defined as the DYS19 locus [2], was analyzed amongst 
other autosomal STR loci and presented a deeper understanding of the role of Y-STRs in 
forensic case work. When a sexual assault sample was prepared in a PCR reaction, male 
specific DNA was able to be analyzed whereas Y-specific alleles are exclusive to men. 
[6] While this Y-STR isolation was the first of its kind, by 2003 the Genome Database 
(GDB; http://www.gdb.org) had published information on over 200 more YSTR markers. 
[2] 
                       
 Figure 1: Consisting of ~60Mb, the Y-chromosome is one of the smallest within the human genome. 
Approximately 200 loci exist within the Y-chromosome as STR broken down into dinucleotide repeats 
(6%), trinucleotide repeats (39%), tetranucleotide repeats (45%), pentanucleotide repeats (9%), and 
hexanucleotide repeats (1%). [4] 
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1.2 Understanding DNA Analysis 
 The method of targeting specific regions of DNA and amplifying them for 
analysis was first developed by Kary Mullis in the 1980s [8]. The polymerase chain 
reaction (PCR) relies on the ability of a DNA polymerase enzyme, Taq Polymerase, to 
synthesize a new DNA strand that is complimentary to that of a template. Target region 
selectivity is dictated by primers, which are small segments of DNA that are 
complimentary to the regions flanking the target. The combination of a forward and 
reverse primer allows a target region to be isolated for polymerase action, and thus, to be 
amplified for analysis. [8] For the PCR reaction to commence, a template strand must 
first be denatured by heat at approximately 95C. This separates the DNA molecules into 
their single stranded compliments. The reaction temperature is then cooled to 
approximately 55C to allow the primers to anneal to their binding sites flanking the 
target. Finally, the reaction is warmed to approximately 75C which is an active 
temperature for the Taq polymerase enzyme to elongate a newly synthesized DNA strand 
with one of the four complimentary deoxyribonucleotide (dNTP) types to the strands; 
dATP, dTTP, dCTP, dGTP [2]. As the reaction cycles through this arrangement of 
temperature phases, mistakes can occur as the polymerase enzyme forms the elongating 
strand [9]. 
 Walsh, Fildes, and Reynolds (1996) [9]  published an in-depth assessment of 
perhaps the most common mishap identified in STR analysis: stutter. Thought to be 
caused by a slippage of the polymerase enzyme during amplification, DNA profiles can 
sometimes present an additional allele that is a repeat less/more than that of the true allele 
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for that sample. They analyzed tetranucleotide STR loci and produced data that displays 
the minor allele, stutter, often one repeat (n-1) shorter than that of its accompanying 
major allele. They further proposed novel allele-specific proportions that may aid in the 
interpretation of profiles containing a great deal of stutter. This has proven to be critical 
in the differentiation between stutter and an actual minor contributor/mixture sample [9].   
Brookes et al (2012) displayed data supporting the notion of increased stutter ratios as a 
result of increased repeat length. STR loci of interrupted repeat motifs tend to produce 
stutter patterns paralleling that of the longest repeat within the segment. Furthermore, it 
was discussed that DNA stretches rich in A-T bonding produce relatively higher stutter 
ratios as a result of weakened hydrogen bonding sites between complimentary strands. 
This contrasts the higher degree of hydrogen bonding existing between strands rich in C-
G compliments [10].  The Scientific Working Group on DNA Analysis Methods 
(SWGDAM) has since published interpretation guidelines for STR analysis that 
addresses stutter and proposes method validation theories for identifying it within STR 
profiles [11]. 
Despite challenges such as this, STR profiling has stood the test of time and is now 
a standard bearer for the Combined DNA Index System (CODIS) where federal, state, and 
local agencies can compare DNA profiles from criminal offenders [7]. As the scientific 
community blossoms on the genetic analysis front, new techniques have risen to perhaps 
project this science forward in entirely innovative ways. One of the most impactful 
evolutionary steps comes from genealogy where there is new public accessibility of DNA 
databanks such as GEDmatch, a free-to-use databank where a consumer can upload and 
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share their DNA profile information. Direct-to-consumer genetic testing vendors such as 
AncestryDNA, 23andMe, Family Tree DNA, My Heritage, and more have begun providing 
services that allow consumers to pay for DNA analysis studies that yield DNA profiles that 
are sharable on a variety of genetic databases. Open source databanks, such as GEDmatch, 
have allowed law enforcement officials and citizens alike to access public DNA data files 
without being detected. We are just now beginning to witness the impact of this science 
where suspects are being considered for cases such as The Golden State Killer, The 
Phoenix Canal Killer, and more as a result of the investigative support these databanks 
provide. Analyses of this magnitude have been a result of the developments in DNA 
sequencing technology. [12] 
 
1.3 Next Generation Sequencing of DNA Towards the MiSeq FGxTM 
 In January of 2015, Illumina began shipping out its MiSeq FGxTM Forensic 
Genomics System (Illumina, San Diego, CA) as a new instrument claiming to offer 
robust genetic coverage in forensic casework. [13] The functions of this platform have 
been designed to operate when coupled with Verogen’s ForenSeqTM DNA Signature Prep 
Kit (Verogen, San Diego, CA). Following the proper extraction and quantification of a 
DNA sample, this procedure begins with an amplification setup that tags and copies 
targeted regions of a DNA strand. This particular kit offers two different primer sets; A 
and B. Both sets target over 150+ different genetic markers for analysis, but Primer set B 
offers further coverage in the form of phenotypic and bio-geographic ancestry data. 
These loci include 27 autosomal STRs, 24 Y-STRs, 7 X-STRs, and 95 Identity SNPs 
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(single nucleotide polymorphisms). Once tagged with the primers, the DNA strands are 
amplified once again but this time with indices and adapters. Adapters allow the DNA 
strands to bind to a flow cell during the sequencing process while indices allow for 
library exclusivity when they are all pooled together into a multiplex for the sequencing 
process. The libraries are then purified with magnetic beads to remove excess reagents, 
normalized to ensure the equal representation of each library in the final multiplex, and 
pooled into one tube prior to loading onto the sequencer [14]. 
 The actual MiSeq FGxTM sequencing procedure utilizes a kit-included cartridge 
intended to contain the multiplex and reagents, a flow cell containing oligos for binding 
the adapter regions of the DNA strands, and a buffer solution for the injections. Once the 
sequencer is properly loaded and initiated, the library samples will attach to the flow cell 
and initiate bridge amplification where the strands will fold over and extend to generate 
clusters. Sequencing primers then begin to anneal to the cluster strands in preparation for 
sequencing. The actual extension of the strands is carried out as fluorescently tagged 
dNTPs are incorporated into the strand one at a time, each with their own fluorescent 
wavelength for detection [14]. Following this sequencing by synthesis process, data is 
analyzed in Verogen’s ForenSeqTM Universal Analysis Software. It is in this program that 
the user can interpret the quality metrics of the run as well as analyze the sample library 
for statistical data and comparison. These extrapolations include population statistics, 
sample comparison, phenotyping, and bio-geographical ancestry data [15]. 
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1.4 Analyzing a Familial (Paternal) Data Set 
 Research into Y-chromosome analysis has allowed for a significantly deeper 
understanding of genetic linkage. By further studying the potential polymorphisms this 
chromosome can present, we can further our ability to apply this very impactful science 
to variety of disciplines such as forensic science, genealogy, paternity testing, 
anthropology, medicine, and more. A lot of these disciplines rely on the assessment of 
similarities and differences between individual DNA profiles. In forensic science, for 
example, male fractions of DNA can be isolated from female fractions in cases of sexual 
assault for comparison and identification [16]. Paternity testing often sees male samples 
being analyzed to identify the biological paternity of a putative father. Y-chromosome 
analysis has also proven useful in disaster relief/missing person cases where paternal 
relatives can be utilized as reference [17]. This is all possible due to the relative lack of 
formal DNA recombination events in the inheritance of a Y-chromosome from a father. 
However, random mutations can occur in a paternal line that may play a critical role in 
the assessment of that pedigree. This could include allele duplications and deletions at 
any interpretable locus. In particular, STR loci have proven to be prominent due to their 
relatively high frequency of use in a great variety of genetic disciplines. If not fully 
understood, Y-STRs could yield erroneous exclusions of paternal linkage, wrongful 
convictions based on forensic evidence, and other misinformed genetic conclusions [17]. 
 Carboni and Ricci (2009) [18] described an instance where DNA extracted from 
somatic cell sources of a father/son pair produced double alleles at the DYS439 and 
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DYS635 loci. Targeted amplification of Y-STR loci using a YFilerTM Kit produced 
profiles for the father/son pair that were entirely concordant with one another while at the 
same time significant due to the observation of double alleles. Furthermore, these loci 
reside within the Azoospermia factor region (AZF) of the Y-chromosome, which is a 
euchromatic region heavily influencing male fertility. Mutations in this region yield a 
variety of male-specific mutations including ones that may lead to a lack of healthy 
sperm production. [19] When considering the potential cause for this phenomena, it was 
concluded that a mutation may have occurred during Y-transmission thus altering the 
haplotype for that paternal line.  Shrivastava et al (2015) [20] presented a study where 
three of a father’s six sons displayed discordant DYS458 loci. Of those three, two 
produced an additional repeat (+4bp) as compared to the father while the other son 
produced one less repeat (-4bp). The discordance occurred in the third, fifth, and sixth 
born which leads to a hypothesis that age may have played a role in spermatogenetic 
mutation. This is supported in the fact that the father’s age ranged from 47 to 65 years old 
for the birth of his sons. Data such as this further supports the notion that Y-haplotypes 
are not always conserved when transmitted across a paternal line. The National Institute 
of Standards and Technology (NIST) site regarding STR analysis, strbase.nist.gov, 
reports allele variants seen in studies such as this, and includes locus duplication 
potentials for Y-loci such as DYS635, DYS458, and more [21]. 
 In our study, we analyzed a father and his eleven sons using two different 
methods for genetic analysis. The samples were purchased from the Coriell Institute for 
Medical Research located in Hamden, NJ, in the form of frozen DNA extracts originating 
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from fresh blood lymphocytes. Upon receipt, they were re-quantified using a 
QuantifilerTM Duo DNA Quantification Kit (Thermo Fisher Scientific, Waltham, MA) 
prior to the analysis-specific amplification. The samples were then diluted to meet the 
qualifications of Verogen’s ForenSeqTM DNA Signature Prep Kit which was to target 
over 150+ loci for genetic analysis on the Illumina MiSeq FGxTM Forensic Genomics 
System. Data generated from the sequencer was analyzed on Verogen’s ForenSeqTM 
Universal Analysis Software. Two distinct STR alleles, 21 and 22, were discovered at the 
father’s DYS635 locus on all amplifications of his sample. While at a brief glance this 
may appear to be stutter, an analysis of the read counts and ratios for these alleles would 
suggest that this is not so. Furthermore, every son yielded a 21 allele at this locus and 
showed no trace of a 22 allele. Additional analyses concerning the allele and flanking 
region sequences were carried out to compare the father and sons at this specific locus. 
 Further investigation was conducted with a YFilerTM Plus PCR Amplification Kit 
(Thermo Fisher Scientific, Waltham, MA) which was to target the DYS635 locus, 
amongst others, for a secondary form of analysis. The same sample sources were 
amplified then analyzed via an ABI PrismTM 3100 Genetic Analyzer (Thermo Fisher 
Scientific, Waltham, MA). Gene Mapper ID-X V1.4 (Thermo Fisher Scientific, Waltham, 
MA)  software was used to generate DNA profiles and genotypic data. The profiles 
generated by sequencing were compared to those generated by fragment analysis. The 
father’s DYS635 locus once again yielded a double allele thus supporting the data from 
the MiSeq FGxTM. Two additional loci in the father’s sample, and not the sons’, 
contained double alleles. These loci, DYS449 and DYS458, were not included in the 
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sequencing analysis with the ForenSeqTM kit. Peak height ratios were calculated to 
compare the trials as well as assess the possibility of stutter. This was not applicable to 
the father’s DYS449 locus which presented two alleles, 28 and 31, that were not in stutter 
position. A range of possible explanations for these results were entertained via a 
thorough literature review. This included an analysis of the amplicons’ motif structure, 
loci positioning along the chromosome, and more. These observations are both 
interesting and unusual, and may support the possibility of a non-inherited Y-
chromosome mutation along a somatic cell line. 
 
2. MATERIALS AND METHODS 
2.1 Next Generation Sequencing 
2.1.1 Extraction and Quantification 
 Genomic DNA was purified, extracted, and quantified at the Coriell Institute 
according to their standard operating procedures. Such purification employed Qiagen 
Autopure LS instrumentation according to the manufacturer’s instructions. The cells were 
lysed with an anionic detergent while RNA and protein molecules were degraded with the 
addition of RNase and Proteinase K. Autopure Precipitation Solution was introduced and 
thus insoluble cell debris was removed by centrifugation. An equal volume of isopropanol 
was added to the supernatant and the resulting DNA precipitate was collected by 
centrifugation. Quality Control procedures were also carried out to assess the integrity of 
the DNA extract. In such, the DNA was considered fully hydrated once maintaining a 
260nm absorbance value within 10% of an absorbance value taken at 24 hours prior. The 
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samples were finally quantified with a QuantifilerTM Duo DNA Quantification Kit (Thermo 
Fisher Scientific, Waltham, MA) and normalized/diluted to meet the specifications of the 
downstream amplification kits. This DNA belonged to a pedigree established by The 
Centre d’Etude du Polymorphism Human (CEPH), Foundation Jean Dausset in Paris, 




Figure 2: The CEPH/Utah Pedigree 1413 that was analyzed in this study was supplied by the Coriell Institute 
for Medical Research located in Hamden, NJ in the form of frozen DNA extracts with accompanying 





2.1.2 Target Amplification and Tagging 
 To target the desired regions of a DNA molecule, a ForenSeqTM oligonucleotide 
primer mix was employed to tag the DNA at regions both upstream and downstream of the 
STRs and SNPs. This targeted amplification procedure began with the preparation of 1ng 
of input DNA diluted to 0.2ng/uL with nuclease free water. A master mix was also prepared 
with 4.7uL of PCR reaction mix, 0.3uL enzyme mix, and 5.0uL primer mix per sample. 
10uL of this master mix was then pipetted into each well of a ForenSeqTM Sample Plate 
[15]. 
 Amplification controls were prepared with 2800M Control DNA, manufactured by 
Promega Corporation for distribution by Verogen Inc., and nuclease free water. The 
positive control was created by diluting 2uL of 2800M with 98uL of nuclease free water. 
5uL of this solution was pipetted into the ForenSeqTM Sample plate and documented 
appropriately. A negative amplification control was prepared as well by pipetting 5uL of 
nuclease free water into the corresponding well of the ForenSeqTM Sample plate. 5uL of 
the diluted DNA samples (0.2ng/uL) was then pipetted into the appropriate wells. The plate 
was then sealed, and spun at 1000 x g for 30 seconds [15]. 
 A unique PCR program, PCR 1, had to be created for this amplification on a Veriti 
Thermal Cycler (Applied Biosystems, Foster City, CA). The heating cycle began with a 3 
minute hold at 98C, and was then followed by 8 cycles of 96C for 45 seconds, 80C for 
30 seconds, 54C for 2 minutes, and 68C for 2 minutes. 10 additional cycles then ran at 
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96C for 30 seconds and 68C for 3 minutes. Finally, the cycle held at 68C for 10 minutes 
before being permanently halted at 10C until removal. [15] 
 
2.1.3 Enrichment and Purification 
 The enrichment procedure tags the target DNA molecules with adapters required 
for cluster amplification as well as unique index sequences for library data analysis. To 
perform this procedure, the ForenSeq Sample Plate was placed on a ForenSeqTM Sample 
Plate Fixture with the appropriate indices and adapters aligned in the coordinating rows 
and columns. 4uL of both designated index i5 and i7 adapters were pipetted into each 
sample well using a multichannel pipette. 27uL of a vortexed PCR2 reaction mix was then 
pipetted into every sample well before being sealed. The plate was then centrifuged at 1000 
x g for 30 seconds. A second PCR program, PCR 2, was then programmed on the thermal 
cycler. This began with a 30 second hold at 98C and was then followed by 15 cycles of 
98C for 20 seconds, 66C for 30 seconds, and 68C for 90 seconds. The cycle then holds 
at 68C for 10 minutes before dropping to 10C for resting until removal [15]. 
 A purification protocol was then followed to separate the amplified libraries from 
the other reaction components via the work of Sample Purification Beads. 45uL of the 
Sample Purification Beads was pipetted into each well of a Purification Bead Plate. After 
centrifuging the ForenSeqTM Sample Plate at 1000 x g for 30 seconds, 45uL of each sample 
was pipetted into the corresponding well of the Purification Bead Plate. This plate was then 
sealed and placed on a shaker at 1800rpm for 2 minutes before incubating at room 
temperature for 5 minutes. To separate the magnetically bound and unbound portions of 
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the samples, the plate was then placed on a magnetic stand until the well contents became 
clear. This clear supernatant was removed, and discarded prior to washing the Sample 
Purification Beads [15]. 
 To further wash the samples, 200uL of 80% ethanol was added to each well while 
the Purification Bead Plate still sat on the magnetic stand. The supernatant was removed 
and discarded. This ethanol wash was carried out twice before centrifuging the plate again 
at 1000 x g for 30 seconds. Following centrifugation, the plate was immediately placed on 
the magnetic stand to remove residual ethanol. Once this was completed, 52.5uL 
Resuspension Buffer (RSB) was pipetted into each well before sealing the plate and 
shaking for 2 minutes at 1800rpm. The plate was placed on the magnetic stand one last 
time for 2 minutes before 50uL of each sample was transferred over to a Purified Library 
Plate [15]. 
 
2.1.4 Normalization and Pooling 
 In order to assure that each sample is equally represented in the sequencing process, 
the samples were normalized to account for varying post-amplification amounts. This 
allows for optimal resolution when sequencing a pool of samples to be created further 
downstream. A master mix was first prepared containing 46.8uL LNA1 and 8.5uL LNB1 
per sample. 45uL of this master mix was dispersed into each well of a Normalization 
Working Plate to contain library. The Purified Library Plate containing the libraries was 
placed on a magnetic stand to separate aspired beads from our sample. After 2 minutes of 
resting on the stand, 20uL of sample was removed from each well and placed into the 
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corresponding well of the Normalization Working Plate. After sealing the plate with 
microseal, it was shook for 30 minutes at 1800rpm. Following those 30 minutes, the 
Normalization Working Plate was placed on the magnetic stand for 2 minutes. The 
supernatant in each well was removed and discarded while the remaining pellet containing 
the libraries was washed two times with LNW1. This wash called for 45uL of LNW1 per 
sample, 5 minutes of shaking at 1800rpm, and the removal of supernatant following 2 
minutes on the magnetic stand. Following these washes, the plate was centrifuged at 1000 
x g for 30 seconds and placed back on the magnetic stand to remove any residual 
supernatant. To release the genetic material from the beads, 32uL of freshly prepared 0.1 
N HP3 was placed into every well. The plate was shook for 5 minutes at 1800rpm before 
going back on the magnetic stand. After 2 minutes of resting on the stand, 30uL of the 
supernatants were transferred to the corresponding wells of a Normalization Library Plate. 
Finally, the plate was centrifuged at 1000 x g for 30 seconds. To prepare the final library 
for sequencing, the samples had to be pooled into a 1.5mL microcentrifuge tube. This 
required 5uL of each sample from the Normalization Library Plate be transferred to this 
Pooled Normalized Libraries (PNL) tube [15]. 
 
2.1.5 Denature, Dilute, and Load 
 Prior to the actual sequencing process, the pooled library had to be diluted, 
combined with Human Sequencing Control (HSC), and heated to denaturation. This 
procedure began with the combination of 7uL of PNL with 591uL of buffer HT1 in a new 
microcentrifuge tube labeled for Denatured Normalized Library (DNL). A denaturation 
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reaction was prepared with 2uL HSC, 3uL buffer HP3, and 36uL nuclease-free water. 2uL 
of this mixture was transferred to the DNL tube and placed on a 96C micro heating system 
for 2 minutes. Immediately after the denaturation, the tube was placed in an ice-water bath 
at -20C for 5 minutes [15]. 
 The MiSeq FGxTM reagent cartridge was then cleaned and loaded with 600uL of 
the DNL sample library. A flow cell was also prepared for the sequencing process after 
being cleaned with nuclease-free water and alcohol pads. This flow cell was loaded onto 
the MiSeq FGxTM instrument alongside the appropriate bottles; SBS Solution and a waste 
outlet. Finally, the reagent cartridge was loaded onto the instrument and secured for 
sequencing [23]. 
 
2.1.6 Analytical Software 
 Data generated on the MiSeq FGxTM was analyzed on ForenSeqTM Universal 
Analysis Software which offers an interface for run setup, sample management, data 
analysis, report generation, and more. This allowed for a deeper analysis whereas we not 
only could assess the STR repeat number, but the actual sequence of the motifs within the 
alleles. The depth of the data generated not only aided in linking stutter to its parent allele, 
based on the sequence motif, but also to identify isometric alleles; alleles with the same 
repeat length, but distinguishable sequences [16]. 
 Each analytical method within the software can be adjusted for quality metrics, 
sample representation, and controls. A variety of quality metrics including cluster density 
(number of DNA clusters per mm2 in a run), and phasing percentage (percentage of 
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molecules in a cluster being read early/late during sequencing) were assessed against 
quality thresholds assigned by the software. Sample specific representation was also 
accessible within the software to assess the data quality per sample. This included 
interpretation guidelines for the positive and negative controls, read counts/intensities, and 
coefficient of variation calculations comparing the samples. Further data was produced in 
the software’s locus-based information where algorithms assessed mixture detection, 
interlocus imbalance, allele count controls, stutter, and more [16]. 
 Once the samples were genotyped, a sample comparison tool within the software 
was utilized to evaluate the concordance of the profiles generated from the sons and father. 
This tool displays data regarding the intensity and length of each genotyped STR and SNP 
locus for any two samples. A table is subsequently generated showing areas of discordance 
between the samples at any locus within the run. The read counts per allele were analyzed 
against one another and read count ratios were calculated to assess the potential for stutter, 
heterozygosity, and mixture. Locus specific stutter potentials were outlined in Verogen’s 
Universal Analysis Software Guide [16]. 
 
          
Figure 3: Peak height ratios were calculated via the American standard of dividing the lower read value 
allele by the higher read value allele. This was applied to all trials regardless of whether or not the longer 
repeat allele displayed a higher read count/peak height as compared to the shorter [7]. 
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2.2 Capillary Electrophoresis 
2.2.1 Extraction and Quantification 
 The genomic DNA that was extracted and isolated for the sequencing trials was 
utilized in this protocol. These samples were also quantified with a QuantifilerTM Duo DNA 
Quantification Kit and normalized/diluted to meet the specifications of the downstream 
amplification kit [22]. 
 
2.2.2 Target Amplification 
 To exclusively target the Y-chromosome, a YFilerTM Plus PCR Amplification Kit 
was employed under its accompanying User Guide Revision D. This procedure begins with 
the preparation of a reaction mixture containing 10uL of Master Mix and 5.0uL of Primer 
Mix per sample. Thus, 15uL of the reaction mix was pipetted into each well of a reaction 
plate. 1.0ng of DNA sample was then introduced to each appropriate well including DNA 
Control 007 as a positive control and 10uL of low TE buffer as a negative control. After 
being centrifuged at 3000rpm for 20 seconds, the reaction plate was placed into the thermal 
cycler under a specified set of cycling parameters. This began with a 1 minute hold at 95C 
and was then followed with 30 cycles of 94C for 4 seconds and 61.5C for 1 min. Finally, 
the cycle brought the plate to 60C for 22 minutes before holding at 4C until removal  
[24]. 
 
2.2.3 Genetic Analyzer 
 Each sample required 9.6uL of HiDi deionized formamide and 0.5uL of LIZ 
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Internal Size Standard. Therefore, a mixture of the two was prepared and 10uL was then 
dispensed into each appropriate well of a 96-well MicroAmp reaction plate. Samples were 
pipetted in 1uL volumes to their appropriate wells including the allelic ladder and controls. 
The plates were subsequently covered and denatured on a heating block for 3 minutes at 
95C. Immediately following this heating phase, the plate was chilled for 3 minutes. During 
this time, a plate record was prepared on the computer associated with the ABI PrismTM 
3100 Genetic Analyzer. Following the incubation, the autosampler tray was brought 
forward and the plate was loaded onto the instrument. The 1X Genetic Analyzer Buffer 
and Milli-Q water was freshly replaced in the instrument prior to this run [25]. 
 
2.2.4 Analytical Software 
 Data generated in capillary electrophoresis was analyzed via GeneMapper ID-X 
V1.4 Software. This software was used to visualize and call detectable alleles found in the 
STR loci of the YFilerTM Plus PCR Amplification Kit. Unlike the sequencing procedures, 
this protocol cannot unveil the actual nucleotide sequence within each STR locus, but can 
display the length of each allele. Therefore, STR genotypes were able to be extrapolated 
from the electropherograms displaying the allele lengths per locus. Peak height ratios, 
derived from relative fluorescent units, were calculated to compare the allele counts within 
each locus and assess the potential for stutter, heterozygosity, and mixture [26]. Once full 
genotypes were established for the Y-STR loci of the father and sons, they were compared 




3.1 Sequencing Analysis 
 Analysis of a father (Sample ID:10832) and his eleven sons (Sample ID: 12101-
12115) using the ForenSeqTM DNA Signature Prep Kit on Illumina’s MiSeq FGxTM 
confirmed biological paternity via the 150+ STR and SNP loci. STR allele sequence and 
length data was extrapolated using ForenSeqTM Universal Analysis Software for 
comparison. Upon comparison, a double allele was observed at the father’s DYS635 
locus but not the sons’. As presented in Table 1, the DYS505, DYS570, DYS576, 
DYS522, DYS481, DYS19, DYS391, DYS437, DYS439, DYS389I, DYS389II, 
DYS438, DYS612, DYS390, DYS643, DYS533, Y-GATA-H4, DYS385a-b, DYS460, 
DYS549, DYS392, DYS448, and DYF387S1 loci all yielded identical genotypes 
between the father and sons. At the DYS635 locus, however, the father’s profile 
produced a 21 and 22 allele while the sons only produced a 21. The allele and flanking 
region sequences were also analyzed for comparison. Shown in Table 2, the flanking 
regions of the father’s 21 and 22 alleles were identical to that of the sons’ 21 allele. It was 
observed that an additional repeat on the last tetrameric pattern in the allele (TCTA) was 
found to be the sole difference between the 21 and 22 alleles of the father-son pairs. 
Stutter analysis was conducted and is displayed in Table 3. Read count ratios were 
calculated between the alleles found at the father’s DYS635 locus. The read counts for 
the 21 allele ranged between 43.1% and 72.3% of the read count values for the 22 allele. 
In no trial did the 21 allele yield a read count higher than that of its accompanying 22 
allele.  
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Table 1: Displaying the extrapolated genotypes for each sample within the CEPH pedigree. These 
genotype conclusions were reached following amplification with Verogen’s ForenSeqTM DNA Signature 
Prep Kit and analyzed with Illumina’s MiSeq FGxTM next generation sequencing technology. The 






Table 2: A report displaying the amplicon sequence included data regarding the flanking regions and the 










Table 3: The repeat motifs for the 21 and 22 alleles were analyzed to determine the area of discordance. 




3.2 Capillary Electrophoresis Analysis 
 To further analyze the nature of the Y-STR loci within the father-son pairs, a 
YFilerTM Plus PCR Amplification Kit was employed which amplifies 25 Y-chromosomal 
loci including the DYS635 locus. Profile data is displayed in Table 4, showing that each 
father-son pair yielded concordant genotypes at 22 of the 25 loci. In each of the 3 
discordant loci, the father yielded the same allele as the sons, plus an additional allele. In 
two of these instances, the father’s second allele has only one additional repeat as 
compared to the sons’. This included the DYS635 locus where the sons have a 21 allele 
while the father has both a 21 and 22. Peak height ratio calculations for the four 
amplifications of the father’s DNA yielded slightly more balance between the 21 and 22 
alleles of the DYS635 locus (shown in Table 5) than the ratios from the sequencing trials. 
This included three amplifications where the 21 allele read count was 68.8%, 70.3%, and 
98.5% of the 22 allele’s. In one amplification, the 22 allele count was 83.9% of the 21 
allele’s which was the only instance where the 21 allele count was greater than that of the 
22.  While the data for the DYS635 locus is rather parallel between the capillary 
electrophoresis and sequencing results, the YFilerTM Plus PCR Amplification Kit 
generated new data for two loci that were not included in Verogen’s ForenSeqTM DNA 
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Signature Prep Kit; DYS449 and DYS458.  
Table 4: The genotype data for the CEPH pedigree were obtained following amplification with a YFilerTM 
Plus PCR Amplification Kit and analyzed with ABI PRISM 3100 Genetic Analyzer. The discordance of the 
DYS635 and DYS458 loci between the father and sons is shown in the top panel. The discordance of the 





Table 5: DYS635 peak height ratios were calculated between the father’s 21 and 22 allele in each of the 
four amplifications. *Amplification 1 presents the 21 allele peak height being greater than that of the 22* 




 At the DYS458 locus, as shown in Table 6, the father has an 18 allele of which is 
not observed in the sons. Across the four separate amplifications, the 18 allele peak 
height ranged from 31.2% to 52.1% of the accompanying 17 allele. In addition to this, the 
father’s DYS449 locus data yielded a 28 and 31 allele as opposed to the sons’ sole 28 
allele. Displayed in Table 7, the 31 allele peak height ranged between 48.5% and 53% of 
the accompanying 28 allele. Unlike the other instances in this study with loci containing 
double alleles, the alleles are 3 repeats different in length. Therefore, these peaks are not 
a product of stutter. 
Table 6: DYS458 peak height ratios were calculated between the father’s 17 and 18 allele in each trial for 
capillary electrophoresis. These ratios fall oddly in between those appropriate for stutter and 
heterozygosity. 




Table 7: DYS449 peak height ratios were calculated between the father’s 28 and 31 allele in each trial for 
capillary electrophoresis. These ratios fall oddly in between those appropriate for stutter and 
heterozygosity. 









4.1 Allele Calls and Calculations 
 
 The data present three discordant Y-STR loci between a father, and his eleven 
sons. The first of three, DYS635, is shared between the ForenSeqTM and YFilerTM Plus 
Kit which allowed for both a sequencing and capillary electrophoresis analysis. With the 
father’s profile consistently displaying a 21 and 22 allele at this locus, it is unusual that 
none of the eleven sons would display only the 22 allele. An analysis of the amplicon 
sequence, including the flanking and allele regions, proved complete concordance 
between the father’s 21 and 22 as well as the sons’ 21 allele, as shown in Table 3. The 
sequence of the father and sons’ DYS635 alleles were compared to the National Institute 
of Standards and Technology’s STR Base Site [21]. It was determined that the allele 
motif for both the father and sons matches that documented in the NIST data. The only 
difference between the 21 and 22 alleles was the addition of one repeat in the last 
tetrameric pattern of the motif. The STRBase site also reports a variant of this locus 
discovered by VD Cantagalli and GJF Gattás of the Unversidade de São Paulo, Brazil, in 
November of 2015. Their analysis of an individual using a YFilerTM Kit and ABI 3130 
Genetic Analyzer led to their finding of a locus duplication at DYS635 resulting in the 
detection of a 21 and 22 allele [21]. Even though rare, the presence of a DYS635 locus 
duplication has been shown to occur. 
 The ForenSeqTM Universal Analysis Software Guide suggest the use of a 15% 
locus-specific stutter filter for DYS635. With the read count ratios ranging from 43.1% 
and 72.3%, it is not reasonable to conclude that the occurrence of the 21 allele is a result 
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of stutter in this instance. Carboni and Ricci [18] data reported a double allele present at 
the DYS635 locus of a father and his son. Due to the conservation of the haplotype 
during transmission from father to son, the authors concluded that it was a result of 
mutational event(s) that occurred during Y-chromosome transmission across the paternal 
line [18]. We are not able to assume the same mechanism since the sons do not have the 
same double allele profile as the father, thus this mutation was not inherited. 
 While the double alleles of the DYS449 and DYS458 loci were not sequenced 
with the ForenSeqTM kit, interlocus peak height ratios were calculated for the discordant 
loci of the father following analysis with the YFilerTM Plus kit. These were compared to 
the locus-specific filter settings set forth in the Applied Biosystems YFilerTM Filer Plus 
User Guide as it pertains to the GeneMapper ID-X Software [24]. Stutter percentages, per 
this guide, could range from 10.58% to 16.74% at the DYS458 locus. Our study found a 
stutter percentage range from 31.2% to 52.1% thus leading us to believe that these 
observations were not simply a product of stutter. This guide also proposes a range of 
7.54% to 21.59% stutter at the DYS635 locus. Our study found a stutter percentage range 
from 68.8% to 98.5% at the DYS635 locus which also indicates that this data was not a 
product of stutter. The DYS449 locus of the father presented two alleles not in stutter 
position, 28 and 31, therefore stutter analysis is unnecessary.  
 Three instances of locus duplication for DYS458 are reported on the NIST 
STRBase site as of April, 2016 [21]. These duplications had allele designations of 16/17, 
18/21, and 19/20. Our study yielded an allele designation of 17/18 for the father, which is 
a different duplication for this locus. The NIST STRBase site does not contain a variant 
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allele report for the DYS449 locus. Our study yielded a potential locus duplication in the 
father with an allele designation of 28/31. This may be a novel duplication instance for 
this locus. 
  
4.2 Locus Positioning and Mutations 
 Goedbloed et al (2009) [25] observed mutations in both the DYS635 and DYS458 
loci. While there was no mention of shared mutation events between the two loci, they 
noted the DYS458 locus as one of the most susceptible to mutation within their study 
[19]. At the DYS635 locus, they found 6 mutations in their sample of 1,700+ meiotic 
events while at the DYS458 locus, they observed 14 mutations. The sample size in our 
study is too small for mutation rate calculations, but the mutations observed are supported 
by studies such as Goedbloed [27].  
 Yu Na Oh et al (2015) [28] analyzed 4,300+ father-son allele transmission events 
and observed several mutations at the DYS449 locus. In all of these observations, the 
father-son pairs were discordant by the loss or gain of one repeat unit. This study reported 
the DYS449 locus to have the highest rate of mutation amongst the 25+ Y-STR loci 
assessed. While mutations from one allele in the father to another allele in a son were 
reported, in no trial was a double allele identified on the DYS449, DYS458, or DYS635 
loci [28]. There appears to be some variation in the potential for mutation at these loci 
within father-son pairs. Limited data exists reporting a father with multiple loci 
containing two alleles per locus while his sons do not. Instances such as this may be 
improbable, from a statistical standpoint, but are an an anomaly that can certainly affect 
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the outcome of paternal and familial testing as well as forensic comparisons. 
Furthermore, there could be long term effects on this pedigree whereas generations prior 
to the father, which are not available, may have had Y-STR profiles similar to that of the 
father and/or sons. 
 Shown in Figure 3 below, the DYS449 and DYS458 loci are both located on the 
short arm of the Y-chromosome whereas the DYS635 locus is located on the long arm 
between the centromere and the pseudoautosomal region [4]. All three of these loci reside 
in euchromatic regions of the Y-chromosome that contain expressed genes [2]. The 
DYS635, in particular, resides in the AZF region which is heavily responsible for sperm 
production. While fertility did not appear to be an issue in this paternal line, mutations in 
the AZF region can critically alter fertility [19].  Furthermore, these loci do not reside 
within the pseudoautosomal regions of the Y-chromosome, and thus, are not a result of 
crossover with the X-chromosome. Our data supports the existence of a non-inherited 
mutation, which leads to questions regarding the origin of the mutation. Knowing that 
somatic cell lines are not directly inherited, while germline cells are, we considered the 
potential for a non-inheritable somatic mutation in the father. The father-son profiles 
were generated from blood, a somatic cell source in the body. Therefore, any mutations 
within the father’s blood would not be inherited by the sons even if the mutations reside 
on the Y-chromosome. This would explain why none of the eleven sons, of which there 
are no twins, inherited any of the mutations present in the father. If the samples were 
available, additional analysis of the father’s sperm would would verify the lack of 
germline duplications at these loci. The lack thereof would support the hypothesis that a 
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somatic mutation has occurred at the DYS449, DYS458, and DYS635 loci on the father’s 
Y-chromosome. 
                                     
 Figure 4: The DYS449 and DYS458 loci are located along a euchromatin region of the short arm 




This study presented genetic data for a father and his eleven sons using a both 
capillary electrophoresis and next generation sequencing protocols. Between the two 
procedures, three STR loci were identified as discordant between the father and all of his 
sons. In all three instances, the father possessed the same allele as the sons as well an 
additional allele. At two of these loci (DYS449 and DYS635), the additional allele was one 
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repeat longer than that of the shared. At the other locus (DYS458), the additional allele was 
three repeats longer than that of the shared allele. Following read count/peak height ratio 
analysis, it is concluded that these alleles are not the product of stutter and are potentially 
the product of a mutational event. Because the mutations were not inherited, it is possible 
that the mutations occurred in the somatic cells used to produce the cell culture of which 
we analyzed.  
The NIST STRBase information contains a report of this same DYS635 locus 
duplication, as well as some for DYS458. A study in 2015 from the Universidade de São 
Paolo, Brazil also reported on a DYS635 locus with an allele designation of 21,22. While 
three locus duplications have been reported on STRBase for the DYS458 locus, none of 
them have the allele designation of 17,18. Furthermore, there are no reported locus 
duplications for the DYS449 locus on STRBase [21]. Therefore, the potential allele-
specific locus duplications discovered at DYS449 and DYS458 within this study may be 
novel forms of mutation for these loci. In addition to this, the data further proves that, even 
if rare, allelic deletions and duplications can happen within single source samples. Of the 
twenty-five Y-STR loci analyzed in the YFilerTM Plus Kit, three were discordant between 
father-son pairs as a result of potential locus duplications. The conclusions that are to be 
reached in father-son linkage studies require intensive analysis because variations amongst 
a paternal line on the Y-chromosome are not unheard of, and can be misleading if not fully 
understood. Furthermore, these variations may not be inheritable, and thus, unpredictable. 
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6. FUTURE DIRECTIONS 
With the applications of DNA profiling on the rise, a deeper understanding of 
genetic analysis will serve a critical role into the implications of this science into medicine, 
law enforcement, and more. This genetic analysis front is reaching new ground as next 
generation sequencing technology is making its way into forensic casework. Until recently, 
capillary electrophoresis was the standard for forensic DNA testing. The MiSeq FGxTM 
Forensic Genomics System is the first fully validated next generation sequencing platform 
for FBI NDIS use in the analyzing of forensic DNA samples [29]. Now that the forensic 
community has begun to take on this progressive science, further research could certainly 
be found useful in the analysis of mixtures, low quality samples, familial linkage, and more 
using this platform. 
Our study found discordance at three Y-STR loci amongst a set of father-son pairs. 
Of those three, only one (DYS635) was included in the ForenSeqTM Kit. In the YFilerTM 
Kit, all three loci were included (addition of DYS449 and DYS458). Further research could 
unveil other influential markers that are not shared between these different amplification 
kits. While it may be unreasonable to assume that a kit should include every Y-STR locus 
known to man, there may be a select few that are proven to be highly mutable, polymorphic, 
or exclusive depending on the individual sample origin. This could dictate the future role 
of Y-STRs in next generation sequencing applications. New studies may be launched 
identifying the effects of mutated flanking regions, inheritable mutations, sequence specific 
stutter, and other potentially impactful variables in a DNA sequence. As data is produced, 
standardized methods for identifying these phenomena may be reached in the efforts of 
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making next generation sequencing an alternative standard in forensic science. Beyond 
general Y-chromosome studies, this specific pedigree (CEPH/Utah 1413) could be 
analyzed as an example of father-son discordance in blood-based DNA extractions. An 
analysis of the father’s sperm/germline cells could unveil the actual inheritable Y-loci 
profile projected to be identical to the sons. A germline profile from the father displaying 
the DYS449, DYS458, and DYS635 loci without double alleles could prove the presence 
of an exclusively somatic mutation within this pedigree. If the loci reproduce the double 
alleles presented in our study, then other explanations for this phenomena must be 
entertained. Furthermore, additional amplification kits could be employed on this pedigree 
to potentially identify other regions of discordance between the father-son pairs whereas 
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